Introduction
RNA regulators in bacteria are a heterogeneous group of molecules that act by various mechanisms to modulate a wide range of physiological responses. One class comprises riboswitches, which are part of the mRNAs that they regulate. These leader sequences fold into structures amenable to conformational changes upon the binding of small molecules. Riboswitches thus sense and respond to the availability of various nutrients in the cell. Other small transcripts bind to proteins, including global regulators, and antagonize their functions. The largest and most extensively studied set of small RNA (sRNA) regulators acts through base pairing with RNAs, usually modulating the translation and stability of mRNAs. The majority of these small RNAs regulate responses to changes in environmental conditions. Finally, a recently discovered group of RNA regulators, known as the CRISPR (clustered regularly interspaced short palindromic repeats) RNAs, contains short regions of homology to bacteriophage and plasmid sequences. CRISPR RNAs interfere with bacteriophage infection and plasmid conjugation, most likely by targeting the homologous foreign DNA through an unknown mechanism.
RNA molecules that act as regulators were known in bacteria for years before the first microRNAs (miRNAs) and short interfering RNAs (siRNAs) were discovered in eukaryotes. In 1981, the 108 nucleotide RNA I was found to block ColE1 plasmid replication by base pairing with the RNA that is cleaved to produce the replication primer (Stougaard et al., 1981; Tomizawa et al., 1981) . This work was followed by the 1983 discovery of an 70 nucleotide RNA that is transcribed from the pOUT promoter of the Tn10 transposon and represses transposition by preventing translation of the transposase mRNA (Simons and Kleckner, 1983) . The first chromosomally encoded small RNA regulator, reported in 1984, was the 174 nucleotide Escherichia coli MicF RNA, which inhibits translation of the mRNA encoding the major outer membrane porin OmpF (Mizuno et al., 1984) . These first small RNA regulators and a handful of others were identified by gel analysis due to their abundance, by multicopy phenotypes, or by serendipity (reviewed in Wassarman et al., 1999) .
Although a few bacterial RNA regulators were identified early on, their prevalence and their contributions to numerous physiological responses were not initially appreciated. In [2001] [2002] , four groups reported the identification of many new small RNAs through systematic computational searches for conservation and orphan promoter and terminator sequences in the intergenic regions of E. coli (reviewed in Livny and Waldor, 2007) . Additional RNAs were discovered by direct detection using cloning-based techniques or microarrays with probes in intergenic regions (reviewed in Altuvia, 2007) . Variations of these approaches, aided by the availability of many new bacterial genome sequences, have led to the identification of regulatory RNAs in an ever-increasing number of bacteria. Enabled by recent technical advances, including multilayered computational searches (Livny et al., 2008; Weinberg et al., 2007) , deep sequencing (Sittka et al., 2008) , and tiled microarrays with full genome coverage (Landt et al., 2008) , hundreds of candidate regulatory RNA genes in various bacteria have now been predicted. In E. coli alone, 80 small transcripts have been verified, increasing the total number of genes identified for this organism by 2%.
In this review, we will focus our discussion on bacterial small RNAs that act as regulators. A limited number of small RNAs carry out specific housekeeping functions, namely the 4.5S RNA component of the signal recognition particle, the RNase P RNA responsible for processing of tRNAs and other RNAs, and tmRNA, which acts as both a tRNA and mRNA to tag incompletely translated proteins for degradation and to release stalled ribosomes (reviewed in Holbrook, 2008; Kazantsev and Pace, 2006; Moore and Sauer, 2007 ). We will not discuss these RNAs further, although their actions, as well as those of some tRNAs, can have regulatory consequences.
In addition, a few defining features are worthy of mention at the outset. Riboswitches are part of the mRNA that they regulate, usually found within the 5 0 untranslated region (5 0 UTR), and hence they act in cis. Most of the regulatory RNAs that act in trans by base pairing with other RNAs are synthesized as discrete transcripts with dedicated promoter and terminator sequences. Given that the longest of these RNAs, RNAIII of Staphylococcus aureus, is still only 514 nucleotides (reviewed in Novick and Geisinger, 2008) , the RNAs are commonly referred to as small RNAs. We prefer this term to ''noncoding RNA,'' the term frequently used in eukaryotes, as a number of the sRNAs, including RNAIII, also encode proteins. In contrast to the base pairing sRNAs, some sRNAs that modulate protein activity, as well as the CRISPR RNAs, are processed out of longer transcripts.
Regulatory Functions of Bacterial RNAs
Regulatory RNAs can modulate transcription, translation, mRNA stability, and DNA maintenance or silencing. They achieve these diverse outcomes through a variety of mechanisms, including changes in RNA conformation, protein binding, base pairing with other RNAs, and interactions with DNA. Riboswitches Perhaps the simplest bacterial RNA regulatory elements are sequences at the 5 0 end of mRNAs that can adopt different conformations in response to environmental signals, including stalled ribosomes, uncharged tRNAs, elevated temperatures, or small molecule ligands (reviewed in Grundy and Henkin, 2006) . These elements were first described decades ago in elegant studies characterizing transcription attenuation. In this process, stalled ribosomes lead to changes in mRNA structure, affecting transcription elongation through the formation of terminator or antiterminator structures in the mRNA. Later studies showed that sequences found in transcripts encoding tRNA synthetases, termed ''T-boxes,'' bind the corresponding uncharged tRNAs and that other leader sequences, known as ''RNA thermometers,'' fold in a manner that is sensitive to temperature. In both of these cases, the alternate structures lead to changes in the expression of the downstream gene.
More recently, it was found that leader sequences could bind small molecules and adopt different conformations in the presence or absence of metabolites (reviewed in Mandal and Breaker, 2004; Montange and Batey, 2008; Nudler and Mironov, 2004) . These metabolite sensors, denoted ''riboswitches,'' directly regulate the genes involved in the uptake and use of the metabolite. In fact, in some cases, the presence of a riboswitch upstream of an uncharacterized or misannotated gene has helped to clarify the physiological role of the gene product. An ever-increasing number and variety of riboswitches are being identified in bacteria, as well as in some eukaryotes. For example, as many as 2% of all Bacillus subtilis genes are regulated by riboswitches that bind to metabolites ranging from flavin mononucleotide (FMN) and thiamin pyrophosphate to S-adenosylmethionine, lysine, and guanine.
Riboswitches generally consist of two parts: the aptamer region, which binds the ligand, and the so-called expression platform, which regulates gene expression through alternative RNA structures that affect transcription or translation (reviewed in Mandal and Breaker, 2004; Montange and Batey, 2008; Nudler and Mironov, 2004 ) ( Figure 1A ). Upon binding of the ligand, the Figure 1A ). In general, most riboswitches repress transcription or translation in the presence of the metabolite ligand; only a few riboswitches that activate gene expression have been characterized. Due to the modular nature of riboswitches, the same aptamer domain can mediate different regulatory outcomes or operate through distinct mechanisms in different contexts (reviewed in Nudler and Mironov, 2004) . For example, the cobalamin riboswitch, which binds the coenzyme form of vitamin B 12 , operates by transcription termination for the btuB genes in Gram-positive bacteria but modulates translation initiation for the cob operons of Gram-negative bacteria. Some transcripts carry tandem riboswitches, which can integrate distinct physiological signals, and one notable riboswitch, the glmS leader sequence, even acts as a ribozyme to catalyze self-cleavage. Upon binding of its cofactor glucosamine-6-phosphate, the glmS riboswitch cleaves itself and inactivates the mRNA encoding the enzyme that generates glucosamine-6-phosphate, thus affecting a negative feedback loop for metabolite levels (Collins et al., 2007) .
In principle, bacterial riboswitches could be used in conjunction with any reaction associated with RNA-not just transcription, translation, and RNA processing, but also RNA modification, localization, or splicing.
Generally, the riboswitches in Gram-positive bacteria affect transcriptional attenuation, whereas the riboswitches in Gramnegative bacteria more frequently inhibit translation (reviewed in Nudler and Mironov, 2004) . Possibly the preferential use of transcriptional termination in Gram-positive organisms is linked to the fact that genes are clustered together in larger biosynthetic operons where more resources would be wasted if the full-length transcript is synthesized. Gram-positive organisms also appear to rely more on cis-acting riboswitches than Gram-negative organisms, for which more trans-acting sRNA regulators are known. Research directions pursued in studies of the different organisms, however, may bias these generalizations. sRNAs that Modulate Protein Activity Three protein-binding sRNAs have intrinsic activity (RNase P) or contribute essential functions to a ribonucleoprotein particle (4.5S and tmRNA). In contrast, three other protein-binding sRNAs (CsrB, 6S, and GlmY) act in a regulatory fashion to antagonize the activities of their cognate proteins by mimicking the structures of other nucleic acids ( Figure 1B) .
The CsrB and CsrC RNAs of E. coli modulate the activity of CsrA, an RNA-binding protein that regulates carbon usage and bacterial motility upon entry into stationary phase and other nutrient-poor conditions (reviewed in Babitzke and Romeo, 2007) . CsrA dimers bind to GGA motifs in the 5 0 UTR of target mRNAs, thereby affecting the stability and/or translation of the mRNA. The CsrB and CsrC RNAs each contain multiple GGAbinding sites, 22 and 13, respectively, for CsrA. Thus, when CsrB and CsrC levels increase, the sRNAs effectively sequester the CsrA protein away from mRNA leaders. Transcription of the csrB and csrC genes is induced by the BarA-UvrB two-component regulators when cells encounter nutrient-poor growth conditions, though the signal for this induction is not known.
The CsrB and CsrC RNAs also are regulated at the level of stability through the CsrD protein, a cyclic di-GMP-binding protein that recruits RNase E to degrade the sRNAs (Suzuki et al., 2006) . CsrB and CsrC homologs (such as RsmY and RsmZ) have been found to antagonize the activities of CsrA homologs in a range of bacteria, including Salmonella, Erwinia, Pseudomonas, and Vibrio, where they impact secondary metabolism, quorum sensing, and epithelial cell invasion (reviewed in Lapouge et al., 2008; Lucchetti-Miganeh et al., 2008) .
The (Gildehaus et al., 2007; Wassarman and Saecker, 2006) . In fact, it is thought that transcription from 6S when NTP concentrations increase may be a way to release s 70 RNA polymerase (Wassarman and Saecker, 2006) . It is not known whether the pRNAs themselves have a function. The 6S RNA is processed out of a longer transcript and accumulates during stationary phase, but the details of this regulation have not been elucidated (reviewed in Wassarman, 2007) . There are multiple 6S homologs in a number of organisms, including two in B. subtilis (Trotochaud and Wassarman, 2005) . The roles of these homologs again are not known, but it is tempting to speculate that they inhibit the activities of alternative s factor forms of RNA polymerase. One additional sRNA, GlmY, has recently been proposed to have a protein-binding mode of action and is thought to function by titrating an RNA-processing factor away from a homologous sRNA, GlmZ (reviewed in Gö rke . Both GlmZ and GlmY promote accumulation of the GlmS glucosamine-6-phosphate synthase; however, they do so by distinct mechanisms. The full-length GlmZ RNA base pairs with and activates translation of the glmS mRNA. Although the GlmY RNA is highly homologous to GlmZ in sequence and predicted secondary structure, GlmY lacks the region that is complementary to the glmS mRNA target and does not directly activate glmS translation. Instead, GlmY expression inhibits a GlmZ-processing event that renders GlmZ unable to activate glmS translation.
Although not yet conclusively shown, GlmY most likely stabilizes the full-length GlmZ by competing with GlmZ for binding to the YhbJ protein that targets GlmZ for processing. The GlmY RNA is also processed, and its levels are negatively regulated by polyadenylation (Reichenbach et al., 2008; Urban and Vogel, 2008) .
CsrB RNA simulates an mRNA element, 6S imitates a DNA structure, and GlmY mimics another sRNA, raising the question as to what other molecules, nucleic acid or otherwise, might uncharacterized sRNAs mimic.
Cis-Encoded Base Pairing sRNAs
In contrast to the few known protein-binding sRNAs, most characterized sRNAs regulate gene expression by base pairing with mRNAs and fall into two broad classes: those having extensive potential for base pairing with their target RNA ( Figure 2A ) and those with more limited complementarity ( Figure 2B ). We will first focus on sRNAs that are encoded in cis on the DNA strand opposite the target RNA and share extended regions of complete complementarity with their target, often 75 nucleotides or more ( Figure 2A ) (reviewed in Brantl, 2007; Wagner et al., 2002) . Although the two transcripts are encoded in the same region of DNA, they are transcribed from opposite strands as discrete RNA species and function in trans as diffusible molecules. For the few cases in which it has been examined, the initial interaction between the sRNA and target RNA involves only limited pairing, though the duplex can, subsequently, be extended. The most well-studied examples of cis-encoded antisense sRNAs reside on plasmids or other mobile genetic elements; however, chromosomal versions of these sRNAs increasingly are being found.
Most of the cis-encoded antisense sRNAs expressed from bacteriophage, plasmids, and transposons function to maintain the appropriate copy number of the mobile element (reviewed in Brantl, 2007; Wagner et al., 2002) . They achieve this through a variety of mechanisms, including inhibition of replication primer formation and transposase translation, as mentioned for plasmid ColE1 RNA I and Tn10 pOUT RNA, respectively. Another common group acts as antitoxins to repress the translation of toxic proteins that kill cells from which the mobile element has been lost.
In general, the physiological roles of the cis-encoded antisense sRNAs expressed from bacterial chromosomes are less well understood. A subset promotes degradation and/or represses translation of mRNAs encoding proteins that are toxic at high levels (reviewed in Fozo et al., 2008a; Gerdes and Wagner, 2007) . In E. coli, there are also two sRNAs, OhsC and IstR, that are encoded directly adjacent to genes encoding potentially toxic proteins. Although these sRNAs are not true antisense RNAs, they do contain extended regions of perfect complementarity (19 and 23 nucleotides) with the toxin mRNAs. Interestingly, most of these sRNAs appear to be expressed constitutively. Some of the chromosomal antitoxin sRNAs are homologous to plasmid antitoxin sRNAs (for example, the Hok/Sok loci present in the E. coli chromosome) or are located in regions acquired from mobile elements (for example, the RatA RNA of B. subtilis found in a remnant of a cryptic prophage). These observations indicate that the antitoxin sRNA and corresponding toxin genes might have been acquired by horizontal transfer. The chromosomal versions may simply be nonfunctional remnants. However, some cis-encoded antisense antitoxin sRNAs do not have known homologs on mobile elements. In addition, given that bacteria have multiple copies of several loci, all of which are expressed in the cases examined, it is tempting to speculate that the antitoxin sRNA-toxin protein pairs encoded on the chromosome provide beneficial functions (Fozo et al., 2008b) . Although high levels of the toxins kill cells, more moderate levels produced from single-copy loci under inducing conditions may only slow growth. Thus, one model proposes that chromosomal toxin-antitoxin modules induce slow growth or stasis under conditions of stress to allow cells time to repair damage or otherwise adjust to their environment (Kawano et al., 2007; Unoson and Wagner, 2008) . Other possibilities are that certain modules are retained in bacterial chromosomes to stabilize sections of the chromosome or serve as a defense against plasmids bearing homologous modules, assuming that the chromosomal antisense sRNA can repress the expression of the plasmid-encoded toxin.
Another group of cis-encoded antisense sRNAs modulates the expression of genes in an operon. Some of these sRNAs are encoded in regions complementary to intervening sequences between ORFs ( Figure 2A ). For example, in E. coli, base pairing between the stationary phase-induced GadY antisense sRNA and the gadXW mRNA leads to cleavage of the duplex between the gadX and gadW genes and increased levels of a gadX transcript (Opdyke et al., 2004; Tramonti et al., 2008) . For the virulence plasmid pJM1 of Vibrio anguillarum, the interaction between the RNAb antisense sRNA and the fatDCBAangRT mRNA leads to transcription termination after the fatA gene, thus reducing expression of the downstream angRT genes (Stork et al., 2007) . In Synechocystis, the iron stress-repressed IsrR antisense sRNA base pairs with sequences within the isiA coding region of the isiAB transcript and leads to decreased levels of an isiA transcript (Dü hring et al., 2006) . In this case, it is not known whether isiB expression is also affected. The list of cis-encoded antisense sRNAs is far from complete, especially for chromosomal versions, and other mechanisms of action are sure to be found. Trans-Encoded Base Pairing sRNAs Another class of base pairing sRNAs is the trans-encoded sRNAs, which, in contrast to the cis-encoded antisense sRNAs, share only limited complementarity with their target mRNAs. These sRNAs regulate the translation and/or stability of target mRNAs and are, in many respects, functionally analogous to eukaryotic miRNAs (reviewed in Aiba, 2007; Gottesman, 2005) .
The majority of the regulation by the known trans-encoded sRNAs is negative (reviewed in Aiba, 2007; Gottesman, 2005) . Base pairing between the sRNA and its target mRNA usually leads to repression of protein levels through translational inhibition, mRNA degradation, or both ( Figure 2B ). The bacterial sRNAs characterized to date primarily bind to the 5 0 UTR of mRNAs and most often occlude the ribosome-binding site, though some sRNAs such as GcvB and RyhB inhibit translation through base pairing far upstream of the AUG of the repressed gene (Sharma et al., 2007; Vecerek et al., 2007) . The sRNA-mRNA duplex is then frequently subject to degradation by RNase E. For the few characterized sRNA-mRNA interactions, the inhibition of ribosome binding is the main contributor to reduced protein levels, while the subsequent degradation of the sRNA-mRNA duplex is thought to increase the robustness of the repression and make the regulation irreversible . However, sRNAs can also activate expression of their target mRNAs through an anti-antisense mechanism whereby base pairing of the sRNA disrupts an inhibitory secondary structure, which sequesters the ribosome-binding site (Hammer and Bassler, 2007; Pré vost et al., 2007; Urban and Vogel, 2008; and reviewed in Gottesman, 2005; Pré vost et al., 2007) (Figure 2B ). Theoretically, base pairing between a trans-encoded sRNA and its target could promote transcription termination or antitermination, as has been found for some cis-encoded sRNAs, or alter mRNA stability through changes in polyadenylation.
For trans-encoded sRNAs, there is little correlation between the chromosomal location of the sRNA gene and the target mRNA gene. In fact, each trans-encoded sRNA typically base pairs with multiple mRNAs (reviewed in Gottesman, 2005; Pré vost et al., 2007) . The capacity for multiple base pairing interactions results from the fact that trans-encoded sRNAs make more limited contacts with their target mRNAs in discontinuous patches, rather than extended stretches of perfect complementarity, as for cis-encoded antisense sRNAs. The region of potential base pairing between trans-encoded sRNAs and target mRNAs typically encompasses 10-25 nucleotides, but, in all cases in which it has been examined, only a core of the nucleotides seem to be critical for regulation. For example, although the SgrS sRNA has the potential to form 23 base pairs with the ptsG mRNA across a stretch of 32 nucleotides, only four single mutations in SgrS significantly affected downregulation of ptsG (Kawamoto et al., 2006) .
In many cases, the RNA chaperone Hfq is required for transencoded sRNA-mediated regulation, presumably to facilitate RNA-RNA interactions due to limited complementarity between the sRNA and target mRNA (reviewed in Aiba, 2007; Brennan and Link, 2007; Valentin-Hansen et al., 2004) . The hexameric Hfq ring, which is homologous to Sm and Sm-like proteins involved in splicing and mRNA decay in eukaryotes, may actively remodel the RNAs to melt inhibitory secondary structures. Hfq also may serve passively as a platform to allow sRNAs and mRNAs to sample potential complementarity, effectively increasing the local concentrations of sRNAs and mRNAs. It should be noted that, when the E. coli SgrS RNA is preannealed with the ptsG mRNA in vitro, the Hfq protein is no longer required (Maki et al., 2008) . However, in vivo in E. coli, sRNAs no longer regulate their target mRNAs in hfq mutant strains, and all trans-encoded base pairing sRNAs examined to date coimmunoprecipitate with Hfq. In fact, enrichment of sRNAs by coimmunoprecipitation with Hfq proved to be a fruitful approach to identify and validate novel sRNAs in E. coli (Zhang et al., 2003) and has been extended to other bacteria, such as S. typhimurium (Sittka et al., 2008) .
Beyond facilitating base pairing, Hfq contributes to sRNA regulation through modulating sRNA levels (reviewed in Aiba, 2007; Brennan and Link, 2007; Valentin-Hansen et al., 2004) . Somewhat counterintuitively, most E. coli sRNAs are less stable in the absence of Hfq, presumably because Hfq protects sRNAs from degradation in the absence of base pairing with mRNAs. Once base paired with target mRNAs, many of the known sRNA-mRNA pairs are subject to degradation by RNase E, and Hfq may also serve to recruit RNA degradation machinery through its interactions with RNase E and other components of the degradosome. In addition, competition between sRNAs for binding to Hfq may be a factor controlling sRNA activity in vivo.
Although all characterized E. coli trans-encoded sRNAs require Hfq for regulation of their targets, the need for an RNA chaperone may not be universal. For example, VrrA RNA repression of OmpA protein expression in V. cholerae is not eliminated in hfq mutant cells, though the extent of repression is higher in cells expressing Hfq (Song et al., 2008) . In general, longer stretches of base pairing, as is the case for the cis-encoded antisense sRNAs that usually do not require Hfq for function, and/or high concentrations of the sRNA may obviate a chaperone requirement.
In contrast to cis-encoded sRNAs, several of which are expressed constitutively, most of the trans-encoded sRNAs are synthesized under very specific growth conditions. In E. coli, for example, these regulatory RNAs are induced by low iron (Furrepressed RyhB), oxidative stress (OxyR-activated OxyS), outer membrane stress (s E -induced MicA and RybB), elevated glycine (GcvA-induced GcvB), changes in glucose concentration (CRPrepressed Spot42 and CRP-activated CyaR), and elevated glucose-phosphate levels (SgrR-activated SgrS) (De Lay and Johansen et al., 2008; Urbanowski et al., 2000 and reviewed in Gö rke Gottesman, 2005) . In fact, it is possible that every major transcription factor in E. coli may control the expression of one or more sRNA regulators. It is also noteworthy that a number of the sRNAs are encoded adjacent to the gene encoding their transcription regulator, including E. coli OxyR-OxyS, GcvA-GcvB, and SgrR-SgrS. The fact that a given base pairing sRNA often regulates multiple targets means that a single sRNA can globally modulate a particular physiological response, in much the same manner as a transcription factor, but at the posttranscriptional level (reviewed in Bejerano-Sagie and Xavier, 2007; Massé et al., 2007; Valentin-Hansen et al., 2007) . Well-characterized regulatory effects of these sRNAs include the downregulation of ironsulfur cluster-containing enzymes under conditions of low iron (E. coli RyhB), repression of outer membrane porin proteins under conditions of membrane stress (E. coli MicA and RybB), and repression of quorum sensing at low cell density (Vibrio Qrr). The fact that direct or indirect negative feedback regulation is observed for a number of sRNAs emphasizes that sRNAs are integrated into regulatory circuits. In E. coli, for example, ryhB is repressed when iron is released after RyhB downregulates ironsulfur enzymes (Massé et al., 2005) , and micA and rybB are repressed when membrane stress is relieved upon their downregulation of outer membrane porins (Johansen et al., 2006; Thompson et al., 2007) . As another example, the Qrr sRNAs in Vibrio base pair with and inhibit expression of the mRNAs encoding the transcription factors responsible for the activation of the qrr genes Tu et al., 2008) . CRISPR RNAs A unique class of recently discovered regulatory RNAs is the CRISPR RNAs, which provide resistance to bacteriophage (reviewed in Sorek et al., 2008) and prevent plasmid conjugation (Marraffini and Sontheimer, 2008) . CRISPR systems share certain similarities with eukaryotic siRNA-driven gene silencing, although they exhibit distinct features as well, and present an exciting new arena of RNA research. The CRISPR sequences have been found in 40% of bacteria and 90% of archaea sequenced to date (Sorek et al., 2008) , emphasizing their wide-ranging importance.
CRISPR sequences are highly variable DNA regions that consist of an 550 bp leader sequence followed by a series of repeat-spacer units (Figure 3 ) (reviewed in Sorek et al., 2008) . The repeated DNA can vary from 24 to 47 base pairs, but the same repeat sequence usually appears in each unit in a given CRISPR array and is repeated 2 to 249 times. The repeat sequences diverge significantly between bacteria but can be grouped into 12 major types and often contain a short 5-7 base pair palindrome. Unlike other repeated sequences in bacterial chromosomes, the CRISPR repeats are regularly interspersed with unique spacers of 26 to 72 base pairs; these spacers are not typically repeated in a given CRISPR array. Although the repeats can be similar between species, the spacers between the repeats are not conserved at all, often varying even between strains, and are most often found to be homologous to DNA from phages and plasmids, an observation that was initially perplexing.
Adjacent to the CRISPR DNA array are several CRISPR-associated (CAS) genes (reviewed in Sorek et al., 2008) . Two to six core CAS genes seem to be associated with most CRISPR systems, but different CRISPR subtypes also have specific CAS genes encoded in the flanking region. Other CAS genes, which are never present in strains lacking the repeats, may be found in genomic locations distant from the CRISPR region(s). The molecular functions of the CAS proteins are still mostly obscure, but they often contain RNA-or DNA-binding domains, helicase motifs, and endo-or exonuclease domains.
After the initial report of CRISPR sequences in 1989, several different hypotheses were advanced as to possible functions of these repeats (reviewed in Sorek et al., 2008) . The proposal that CRISPRs confer resistance to phages came in 2005 with findings that the spacers often contain homology to phage or plasmids. Another major advance was the discovery that the CRISPR DNA arrays are transcribed in bacteria (Brouns et al., 2008) and archaea (Tang et al., 2002; Tang et al., 2005) . The full-length CRISPR RNA initially extends the length of the entire array but is subsequently processed into shorter fragments the size of a single repeat-spacer unit. Recently, it was shown that the E. coli K12 CasA-E proteins associate to form a complex termed Cascade, for CRISPR-associated complex for antiviral defense (Brouns et al., 2008) . The CasE protein within the Cascade complex is responsible for the processing of the fulllength CRISPR RNA transcript.
Importantly, it was demonstrated that new spacers corresponding to phage sequences are integrated into existing 
. Gene Arrangement and Regulatory Functions of CRISPR RNAs
CRISPR arrays are composed of DNA repeats (black triangles) separated by unique spacers (red speckled boxes). CAS genes (blue), which encode proteins that function in CRISPR RNA processing and/or DNA silencing, are located nearby. The CRISPR arrays are initially transcribed as a long RNA, which is subsequently processed by the Cascade complex (blue circles and ovals) to individual repeat-spacer units, called crRNAs. These crRNAs appear to target foreign DNA through an unknown mechanism likely involving other CAS proteins and the degradation of the exogenous DNA.
CRISPR arrays during phage infection and that these new spacers confer resistance to subsequent infections with the cognate phage, or other phages bearing the same sequence (Barrangou et al., 2007) . The new spacers are inserted at the beginning of the array, such that the 5 0 end of the CRISPR region is hypervariable between strains and conveys information about the most recent phage infections, while the 3 0 end spacers are consequences of more ancient infections. Single nucleotide point mutations in the bacterial spacers or the phage genome abolish phage resistance. In addition, introduction of novel phage sequences as spacers in engineered CRISPR arrays provides de novo immunity to bacteria that have never encountered this phage. Similar observations were recently made for spacers found to correspond to sequences present on conjugative plasmids (Marraffini and Sontheimer, 2008) .
These findings, together with the observation that some CAS genes encode proteins with functions potentially analogous to eukaryotic RNAi enzymes (Makarova et al., 2006) , have led to a model for CRISPR RNA function (Figure 3 ). The CRISPR DNA array is transcribed into a long RNA, which is processed by the Cascade complex of CAS proteins into a single repeat-spacer unit known as a crRNA (Brouns et al., 2008) . The crRNAs, which are single-stranded unlike double-stranded siRNAs, are retained in the Cascade complex (Brouns et al., 2008) . By analogy with eukaryotic RNAi systems, Cascade or other CAS effector proteins may then direct base pairing of the crRNA spacer sequence with phage or plasmid nucleic acid targets. Until recently, it was not known whether the crRNAs would target DNA or RNA, but CRISPR spacers generated from both strands of phage genes can effectively confer phage resistance (Barrangou et al., 2007; Brouns et al., 2008) . Additionally, the insertion of an intron into the target gene DNA in a conjugative plasmid abolishes interference by crRNAs, even though the uninterrupted target sequence is regenerated in the spliced mRNA (Marraffini and Sontheimer, 2008) . These results all point to DNA as the direct target, but how the crRNAs interact with the DNA and what occurs subsequently are still unknown. Further studies addressing the details of the molecular mechanism behind CRISPR RNA-mediated ''silencing'' of foreign DNA and how new spacers are selected and then acquired are eagerly anticipated and will provide further insight into the similarities and differences with the eukaryotic RNAi machinery.
The CRISPR system has broad evolutionary implications. The extreme variability of CRISPR arrays between organisms and even strains of the same species provides useful tools for researchers to genotype strains and to study horizontal gene transfer and microevolution (reviewed in Sorek et al., 2008) . The CRISPR loci record the history of recent phage infection and allow differentiation between strains of the same species. This property can be used to identify pathogenic bacterial strains and track disease progression worldwide, as well as to monitor the population dynamics of nonpathogenic bacteria (Horvath et al., 2008) . Additionally, the presence of phage sequences within the CRISPR arrays that confer resistance against infection provide a strong selective pressure for the mutation of phage genomes and may partially underlie the rapid phage mutation rate (Andersson and Banfield, 2008) .
Dual Function RNAs
The distinctions between some of the categories of RNA regulators discussed above, as well as between the RNA regulators and other RNAs, can be blurry. For example, a few of the trans-encoded base pairing sRNAs encode proteins in addition to base pairing with target mRNAs. The S. aureus RNAIII has been shown to base pair with mRNAs encoding virulence factors and a transcription factor (Boisset et al., 2007) but also encodes a 26 amino acid d-hemolysin peptide. Similarly, the E. coli SgrS RNA, which blocks translation of the ptsG mRNA encoding a sugar-phosphate transporter, is translated to produce the 43 amino acid SgrT protein (Wadler and Vanderpool, 2007) . In this case, the SgrT protein is thought to reinforce the regulation exerted by SgrS by independently downregulating glucose uptake through direct or indirect inhibition of the PtsG protein.
We predict that other regulatory sRNAs will be found to encode small proteins and that, conversely, some mRNAs encoding small proteins will be found to have additional roles as sRNA regulators. It also deserves mention that some of the cis-encoded antisense sRNAs, in addition to regulating their cognate sense mRNA, may base pair with other mRNAs via limited complementarity or, in independent roles, bind proteins to affect other functions. Similarly, while riboswitches are synthesized as part of an mRNA, the small transcripts that are generated by transcription attenuation or autocleavage potentially could go on to perform other functions as their own entities.
Factors Influencing Regulation by RNAs
Although there has been an explosion in the discovery and characterization of RNA regulators in the past 10 years, a number of critical questions about their regulatory mechanisms remain to be answered.
RNA Structures and Localization
What are the structures of the RNAs, and how do they impact ligand, protein, and mRNA binding? Three-dimensional structures for several riboswitches, both in the presence and absence of their respective ligands, have been solved in recent years (Montange and Batey, 2008) . These studies have shown that some riboswitches have a single, localized ligand-binding pocket. In these cases, the conformational changes induced by ligand binding are confined to a small region. In other riboswitches, the ligand-binding site is comprised of at least two distinct sites, such that ligand binding results in more substantial changes in the global tertiary structure. In contrast, no threedimensional structures have been solved for bacterial sRNAs. In fact, the secondary structures for only a limited number of sRNAs have been probed experimentally. Another generally unknown quantity, which has important implications for how an RNA interacts with other molecules, is the concentration of the RNA. After induction, the OxyS RNA has been estimated to be present at 4500 molecules per cell (Altuvia et al., 1997 ), but it is not known whether this is typical for other sRNAs and whether all of the sRNA molecules are active. Do nucleotide modifications or metabolite binding alter the abundance or activities of any of the sRNAs? It is also intriguing to ask whether any of the regulatory RNAs show specific subcellular localization or are even secreted. In eukaryotes, localization of regulatory RNAs to specific subcellular structures, such as P bodies and Cajal bodies, is connected to their functions (reviewed in Pontes and Pikaard, 2008) . It is plausible that subcellular localization similarly impacts regulatory RNA function in bacteria. In support of this idea, RNase E has been found to bind to membranes in vitro (Khemici et al., 2008) , and membrane targeting of the ptsG mRNA-encoded protein is required for efficient SgrS sRNA repression of this transcript (Kawamoto et al., 2005) . Another attractive but untested hypothesis is that bacterial RNAs might be secreted into a host cell where they could modulate eukaryotic cell functions.
Proteins Involved
What proteins are associated with regulatory RNAs, and how do the proteins impact the actions of the RNAs? So far, much of the attention has been focused on the RNA chaperone Hfq. Even so, the details of how this protein binds to sRNAs and affects their functions are murky. For example, structural and mutational studies indicate that both faces of the donut-like Hfq hexamer can make contacts with RNA (reviewed in Aiba, 2007; Brennan and Link, 2007) , but it is not clear whether the sRNA and mRNA bind both faces simultaneously, whether the sRNA and mRNA bind particular faces, and whether base pairing is facilitated by changes in RNA structure or proximity between the two RNAs or both. The Hfq protein has been shown to copurify with the ribosomal protein S1, components of the RNase E degradosome, and polynucleotide phosphorylase (Mohanty et al., 2004; Morita et al., 2005; Sukhodolets and Garges, 2003) , among others, but these are all abundant RNA-binding proteins, and the in vivo relevance of these interactions is poorly understood. In addition, only half of all sequenced Gram-negative and Gram-positive species and one archaeon have Hfq homologs (reviewed in Valentin-Hansen et al., 2004) . Do other proteins substitute for Hfq in the organisms that do not have homologs, or does base pairing between sRNAs and their target mRNAs not require an RNA chaperone in these cases?
It is likely that other proteins acting on or in conjunction with the regulatory RNAs remain to be discovered. The RNase E and RNase III endonucleases are known to cleave base pairing sRNAs and their targets (Viegas et al., 2007) , but these may not be the only ribonucleases to degrade the RNAs. Pull-down experiments with tagged sRNAs indicate that other proteins, such as RNA polymerase (Windbichler et al., 2008) , also bind the RNA regulators, but again, the physiological relevance of this interaction is not known. In addition, genetic studies hint at the involvement of proteins such as YhbJ, which antagonizes GlmY and GlmZ activity, though the activity of this protein is still mysterious (Kalamorz et al., 2007; Urban and Vogel, 2008) .
Requirements for Productive Base Pairing
What are the rules for productive base pairing? Trans-encoded sRNAs bind to their target mRNAs using discontiguous and imperfect base pairing. Often, only a core set of these base pairing interactions is essential, stimulating questions as to how specificity between sRNAs and mRNAs is imparted and how such limited pairing can cause translation inhibition or RNA degradation. Several algorithms for the predictions of base pairing targets for trans-encoded sRNAs have been developed (Tjaden, 2008 and reviewed in Pichon and Felden, 2008; Vogel and Wagner, 2007) . However, the accuracy of these predictions has been variable. For some sRNAs, such as RyhB and GcvB, there are distinct conserved single-stranded regions that appear to be required for base pairing with most targets and are associated with more accurate predictions (Sharma et al., 2007; Tjaden et al., 2006) . For other sRNAs, such as OmrA and OmrB, few known targets were predicted in initial searches (Tjaden et al., 2006) . Mutational studies to define the base pairing interactions with known OmrA and OmrB targets (Guillier and Gottesman, 2008) highlight possible impediments to computational predictions. These can include the lack of knowledge about the sRNA domains required for base pairing, limited base pairing interactions, and base pairing to mRNA regions outside of the immediate vicinity of the ribosome-binding site. Recent systematic analysis indicates that sRNAs can block translation by pairing with sequences in the coding region, as far downstream as the fifth codon (Bouvier et al., 2008) . Other factors, such as the position of Hfq binding and the secondary structures of both the mRNA and sRNA, are also likely to impact base pairing in ways that have not been formalized. In vitro studies exploring the role of Hfq in facilitating the pairing between the RprA and DsrA RNAs and the rpoS mRNA show that binding between Hfq, the mRNA, and the sRNAs is clearly influenced by what portion of the rpoS 5 0 leader is assayed (Soper and Woodson, 2008; Updegrove et al., 2008) . With an increasing number of validated targets that can serve as training sets, the ability to accurately predict targets should significantly improve.
As with eukaryotic miRNAs and siRNAs, there may be mechanistic differences between the trans-and cis-encoded base pairing sRNAs based on their different properties. Transencoded sRNAs, which have imperfect base pairing with their targets like miRNAs, often interact with Hfq. In contrast, cisencoded sRNAs, which have complete complementarity with targets like siRNAs, do not appear to require Hfq but tend to be more structured and may use other factors to aid in base pairing. These differences may have broader implications for the types of targets regulated and the nature of the proteins required, as well as for the mechanistic details of base pairing.
New Mechanisms of Action
What new mechanisms of action remain to be uncovered? Most sRNAs characterized to date base pair in the 5 0 UTR of target mRNAs near the ribosome-binding site; however, other locations for base pairing and consequent mechanisms of regulation are possible. Only a few bacterial ribozymes have been described. Will other sRNAs or riboswitches be found to have enzymatic activity? As already alluded to, the mechanism of crRNA action in targeting and interfering with DNA is not understood. Completely new mechanisms may be revealed by further studies of the CRISPR sequences. Finally, nearly one-third of the E. coli sRNAs identified to date, and the vast majority of those in other organisms, have yet to be characterized in significant detail. These, too, may have unanticipated roles and modes of action.
Physiological Roles of Regulatory RNAs
In addition to further exploring the mechanisms by which riboswitches, sRNAs, and crRNAs act, it is worth reflecting on what is known, as well as what is not understood, about the physiological roles of these regulators.
Association with Specific Responses
A number of themes are emerging with respect to the physiological roles of riboswitches and sRNAs. In general terms, riboswitches, protein-binding sRNAs, trans-encoded base pairing sRNAs, and some cis-encoding base pairing sRNAs mediate responses to changing environmental conditions by modulating metabolic pathways or stress responses. Riboswitches and T boxes tend to regulate biosynthetic genes, as these elements directly sense the concentrations of various metabolites, while some RNA thermometers, such as the 5 0 UTR of the mRNA encoding the heat shock sigma factor s 32 (Morita et al., 1999) , control transcriptional regulators. The CsrB and 6S families of sRNAs also control the expression of large numbers of genes in response to decreases in nutrient availability by repressing the activities of global regulators. The trans-encoded base pairing sRNAs mostly contribute to the ability to survive various environmental insults by modulating the translation of regulators or repressing the synthesis of unneeded proteins. In particular, it is intriguing that a disproportionate number of trans-encoded sRNAs regulate outer membrane proteins (MicA, MicC, MicF, RybB, CyaR, OmrA, and OmrB) or transporters (SgrS, RydC, and GcvB). Other pervasive themes include RNA-mediated regulation of iron metabolism, not only in bacteria but also in eukaryotes, as well as RNA regulators of quorum sensing. Pathogenesis presents a set of behaviors that one might expect to be regulated by sRNAs given that bacterial infections involve multiple rounds of rapid and coordinated responses to changing conditions. The central role of sRNAs in modulating the levels of outer membrane proteins, which are key targets for the immune system, as well as other responses important for survival under conditions found in host cells, such as altered iron levels, also implicates these RNA regulators in bacterial survival in host cells. Indeed, although these studies are still at the early stages, several sRNAs have been shown to alter infection. These include members of the CsrB family of sRNAs in Salmonella, Erwinia, Yersinia, Vibrio, and Pseudomonads, which bind to and antagonize CsrA family proteins that are global regulators of virulence genes; RyhB of Shigella, which represses a transcriptional activator of virulence genes; RNAIII of Staphylococcus, which both base pairs with mRNAs encoding virulence factors and encodes the d-hemolysin peptide; and the Qrr sRNAs of Vibrio, which regulate quorum sensing (Heroven et al., 2008; Murphy and Payne, 2007 and reviewed in Romby et al., 2006; Toledo-Arana et al., 2007) . hfq mutants of a wide range of bacteria also show reduced virulence (reviewed in Romby et al., 2006; Toledo-Arana et al., 2007) . Some sRNAs, such as a number of sRNAs encoded in Salmonella and Staphylococcus pathogenicity islands, show differential expression under pathogenic conditions (Padalon-Brauch et al., 2008; Pfeiffer et al., 2007; Pichon and Felden, 2005) . Other sRNAs, such as five in Listeria monocytogenes, are specific to pathogenic strains (Mandin et al., 2007) . Finally, thermosensors and riboswitches can have roles as regulators of pathogenesis, upregulating virulence genes upon increased temperature encountered in host cells or upon binding signals such as the ''second messenger'' cyclic di-GMP (Johansson et al., 2002; Sudarsan et al., 2008) . Further studies of these and other pathogenesisassociated regulatory RNAs could lead to opportunities for interfering with disease.
A subset of the cis-encoded antisense sRNAs expressed from bacterial chromosomes act as antitoxins, but their physiological roles are not clear. They may also be involved in altering cell metabolism in response to various stresses enabling survival. Alternatively, they may play a role in protecting against foreign DNA. This is clearly the function of CRISPR RNAs, which have been demonstrated to repress bacteriophage and plasmid entry into the cell and, in principle, could be used to silence genes from other mobile elements. Physiological Roles of Multiple Copies Some sRNAs, including OmrA/OmrB, Prr1/Prr2, Qrr1-5, 6S homologs, CsrB homologs, GlmY/GlmZ, and several toxin-antitoxin modules, are present in multiple copies in a given bacterium. Although the physiological advantages of the repeated sRNA genes are only understood in a subset of cases, multiple copies can have several different roles (Figure 4) . First, homologous RNAs can act redundantly, serving as backups in critical pathways or to increase the sensitivity of a response. In V. cholerae, any single Qrr RNA is sufficient to repress quorum sensing by downregulating the HapR transcription factor, and the deletion of all four qrr genes is required to constitutively activate the quorum-sensing behaviors (Lenz et al., 2004) . As the effectiveness of sRNA regulation is directly related to the abundance of the sRNA relative to its mRNA targets, this redundancy has been proposed to permit an ultrasensitive, switch-like response for quorum sensing in V. cholerae and may help amplify a small input signal to achieve a large output. Further, the redundancy allows any one of the sRNAs to compensate for the loss of one or more of the other Qrr RNAs (Svenningsen et al., 2009) .
Second, repeated RNAs can act additively, as in the case of the V. harveyi Qrr sRNAs (Tu and Bassler, 2007) . In this case, the five qrr genes have divergent promoter regions and are differentially expressed, suggesting that each Qrr sRNA may respond to different metabolic indicators to integrate various environmental signals. Deletion of individual Qrr genes affects the extent of quorum-sensing behaviors, indicating that they do not act redundantly. Rather, the total concentration of Qrr sRNAs in V. harveyi produces distinct levels of regulated genes, such that altering the abundance of any given Qrr sRNA changes the extent of the response. This additive regulation is thought to allow fine-tuning of luxR levels across a gradient of expression, leading to precise, tailored amounts of gene expression. It is surprising that, within the same quorum-sensing system in two related species of Vibrio, the multiple Qrr sRNAs operate according to two distinct mechanisms. While the reason for this is not clear, the difference illustrates the evolvability of RNA regulators and the regulatory nuances that can be provided by having multiple copies.
A third possibility is that the duplicated RNAs can act independently of each other. This could occur in several ways. For base pairing sRNAs, each sRNA could regulate a different set of genes, most likely in a somewhat overlapping manner. For protein-binding sRNAs, different homologs could interact with distinct proteins, giving rise to variations in the core complexes. As mentioned above, B. subtilis 6S isoforms could repress RNA polymerase bound to different s factors. Homologous RNA species also can use very different mechanisms of action, as observed for the E. coli GlmY and GlmZ RNAs (Urban and Vogel, 2008) . GlmZ functions by base pairing, whereas GlmY likely acts as a mimic to titrate away YhbJ and other factors that inactivate GlmZ.
In some cases, it is still perplexing why multiple copies are maintained. One example is the toxin-antitoxin modules, which are not only encoded by multiple genes in E. coli chromosomes, but can vary in gene number even within the same species (reviewed in Fozo et al., 2008a) . Redundant RNAs may simply indicate a recent evolutionary event that has not yet undergone variation to select new functions. Alternatively, additional genes may be selected by the pressure to maintain at least one copy across a population. Complete answers to the question of why various regulatory RNA genes are duplicated await more characterization of each set of RNAs. Advantages of Regulatory RNAs RNA regulators may have several advantages over protein regulators. They are less costly to the cell and can be faster to produce, as they are shorter than most mRNAs (100-200 nucleotides compared to 1000 nucleotides for the average 350 amino acid E. coli protein) and do not require the extra step of translation.
The effects of the RNA regulators themselves also can be fast. For cis-acting riboswitches, the coupling of a sensor directly to an mRNA allows a cell to respond to the signal in an extremely rapid and sensitive manner. Similarly, given that sRNAs are faster to produce than proteins and act posttranscriptionally, it was anticipated that, in the short term, they could shut off or turn on expression more rapidly than protein-based transcription factors. Indeed, this expectation is supported by some dynamic simulations (Mehta et al., 2008; Shimoni et al., 2007) . Other unique aspects of sRNA regulation revealed by recent modeling studies are related to the threshold linear response provided by sRNAs, in contrast to the straight linear response provided by transcription factors (Legewie et al., 2008; Levine et al., 2007; Mehta et al., 2008 In contrast, when input signals are large and persistent, sRNAs are hypothesized to be better than transcription factors at strongly and reliably repressing proteins levels, as well as at filtering noise. Moreover, sRNAbased regulation is thought to be ultrasensitive to changes in sRNA and mRNA levels around the critical threshold, especially in the case of multiple, redundant sRNAs, as in the V. cholerae Qrr quorum-sensing system, which is proposed to lead to switch-like ''all or nothing'' behavior (Lenz et al., 2004) .
Additional features of different subsets of the RNA regulators provide other advantages. Some riboswitches lead to transcription termination or self-cleavage, and some base pairing sRNAs direct the cleavage of their targets, rendering their regulatory effects irreversible. For the cis-encoded antisense sRNAs and the CRISPR RNAs, the extensive complementarity with the target nucleic acids imparts extremely high specificity. In contrast, the ability of trans-encoded sRNAs to regulate many different genes allows these sRNAs to control entire physiological networks with varying degrees of stringency and outcomes. The extent and quality of base pairing with sRNAs can prioritize target mRNAs for differential regulation and could be used by cells to integrate different inputs into gene expression programs (Mitarai et al., 2007) . In addition, when multiple target mRNAs of a given sRNA are expressed in a cell, their relative abundance and binding affinities can strongly influence expression of each other through crosstalk (Levine et al., 2007; Mehta et al., 2008; Shimoni et al., 2007) . Conversely, competition between different sRNAs for Hfq or a specific mRNA is likely to alter dynamics within a regulatory network. Finally, base pairing flexibility presumably also allows rapid evolution of sRNAs and mRNA targets.
Moreover, while not an advantage per se, RNA regulators usually act at a level complementary to protein regulators, most often functioning at the posttranscriptional level as opposed to transcription factors that act before sRNAs or enzymes, such as kinases or proteases, that act after sRNAs. Different combinations of these protein and RNA regulators can provide a variety of regulatory outcomes, such as extremely tight repression, an expansion in the genes regulated in response to a single signal, or, conversely, an increase in the number of signals sensed by a given gene (Shimoni et al., 2007) .
Evolution of Regulatory RNAs
We do not yet know whether all bacteria contain regulatory RNAs or whether we are coming close to having identified all sRNAs and riboswitches in well-studied bacteria. Given the redundancy in the sRNAs being found, the searches for certain classes of sRNAs, in particular sRNAs encoded in intergenic regions and expressed under typical laboratory conditions, appear near saturation in E. coli. However, other types of sRNAs, such as cis-encoded antisense sRNAs and sRNAs whose expression is tightly regulated, may still be missing from the lists of identified RNA regulators.
Are RNA regulators remnants of the RNA world, or are the genes recent additions to bacterial genomes? We propose that the answer to this question is both. Some of the regulators, such as riboswitches and CRISPR systems, which are very broadly conserved, are likely to have ancient evolutionary origins. In contrast, while regulation by base pairing may long have been in existence, individual antisense regulators, both cis-and trans-encoded sRNAs, may be recently acquired and rapidly evolving. This is exemplified by the poor conservation of sRNA sequences across bacteria. For example, the Prr RNAs of Pseudomonas bear almost no resemblance to the equivalent RyhB sRNA of E. coli, although both are repressed by Fur and act on similar targets (Wilderman et al., 2004) . One might imagine that the expression of a spurious transcript, either antisense or with limited complementarity to a bona fide mRNA, which provides some selective advantage, could easily be fixed in a population.
It is intriguing to note that distinct RNA regulators have been used to solve specific regulatory problems, emphasizing the pervasiveness and adaptability of RNA-mediated regulation. For example, in B. subtilis, the glmS mRNA is inactivated by the self-cleavage of the glucosamine-6-phosphate-responsive cis-acting riboswitch (Collins et al., 2007) , whereas, in E. coli, the glmS mRNA is positively regulated by the two trans-acting sRNAs GlmY and GlmZ (Urban and Vogel, 2008) . As another example, RyhB-like trans-encoded sRNAs repress the expression of iron-containing enzymes during iron starvation in various bacteria, while the cis-encoded IsiR sRNA of Synechocystis represses expression of the IsiA protein, a light-harvesting antenna, under iron-replete conditions (reviewed in Massé et al., 2007) .
Applications of Regulatory RNAs
The central roles played by RNA regulators in cellular physiology make them attractive for use as tools to serve as biosensors or to control bacterial growth either positively or negatively. Endogenous RNAs could serve as signals of the environmental status of the cell. For example, the levels of the RyhB and OxyS sRNAs, respectively, are powerful indicators of the iron status and hydrogen peroxide concentration in a cell (Altuvia et al., 1997; Massé and Gottesman, 2002) . CRISPR sequences provide insights into the history of the extracellular DNA encountered by the bacteria and have been used to genotype strains during infectious disease outbreaks (reviewed in Hebert et al., 2008; Sorek et al., 2008) . Regarding the control of bacterial cell growth, one can imagine how riboswitches might be exploited as drug targets given their potential to bind to a wide variety of compounds (reviewed in Blount and Breaker, 2006) . Similarly, as interference with the functions of some of the sRNAs is detrimental to growth and several sRNAs contribute to virulence, these regulators and their interacting proteins also could be targeted by antibacterial therapies. Alternatively, ectopic expression of specific regulatory RNAs might be used to increase stress resistance and facilitate bacterial survival in various industrial or ecological settings.
RNA also presents a powerful system for rational design, as it is modular, easily synthesized and manipulated, and can attain an enormous diversity of sequence, structure, and function. Although less developed than in eukaryotes, the application of synthetic RNAs is being explored in bacteria (reviewed in Hebert et al., 2008; Isaacs et al., 2006) . For example, riboswitch elements have been engineered to use novel ligands, and sRNAs have been designed to base pair with novel transcripts. Engineered CRISPR repeats present an obvious mechanism by which to repress uptake of specific DNA sequences. Limitations to these approaches include incomplete repression of target gene expression that has been observed for the synthetic riboswitches and base pairing sRNAs thus far, off-target effects of sRNAs resulting in altered expression of unintended genes, as well as problems in delivering the RNA regulators into cells where they might be of greatest utility. Nevertheless, synthetic RNAs have the potential to provide a variety of useful tools and therapeutics in the future.
Perspectives RNA molecules serve a wide range of regulatory functions in bacteria and modulate almost every aspect of cell metabolism. Examples of these RNA regulators were known long before the discovery of similar regulators in eukaryotes, though the large numbers of riboswitches, sRNAs, and CRISPR RNAs, as well as their correspondingly large importance to cellular physiology and defense mechanisms, were not anticipated. Many bacteria are facile experimental systems and have small genomes, which aid computational predictions and robust model development. In addition, hundreds of bacterial genome sequences, representing a broad diversity of species with a variety of lifestyles and ecological niches, are available. These factors make bacteria an ideal system in which to delve deeply into mechanistic, physiological, and evolutionary questions regarding regulatory RNAs.
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